Abstract: Site-specific
Introduction
Isotropic chemical shifts are key parameters in NMR spectroscopy, enabling signals from different nuclei of any given type in a molecule to be distinguished. Chemical shift values often can be determined at very high precision, up to 6 orders of magnitude higher than the range of chemical shift values observed. Although chemical shifts clearly are exquisitely sensitive to molecular structure, our understanding of the relation between structure and chemical shift remains relatively rudimentary in all but the simplest model systems.
1 However, the potential richness of information contained in chemical shifts has stimulated efforts to develop a better quantitative understanding of the relationship between these parameters and molecular structure, particularly in proteins.
2-10 Magnetic shielding of a nucleus by its surrounding electrons is a process that lends itself well to quantum chemical calculations. For peptides and proteins, such quantum calculations now make it possible to rapidly predict chemical shift values of 15 N, 13 C, and 1 H nuclei on the basis of the molecule's experimentally determined structure. 11, 12 Perhaps surprisingly, predictions of isotropic chemical shifts based on simple empirical database analysis yield values that agree somewhat better with experimentally observed shifts. [13] [14] [15] These latter types of analysis, however, do not provide much insight in the individual factors contributing to chemical shielding. For that purpose, it is necessary to take a step back and evaluate the impact of structural factors on chemical shielding anisotropy (CSA). For example, for backbone 13 which indicate that variation in isotropic 13 C′ chemical shifts can be attributed almost entirely to differences in the σ YY component of the shielding tensor. [21] [22] [23] The latter is a steep function of both backbone torsion angles and hydrogen bond strength. 22 The use of deuteration removes the impact from remote protons that can otherwise interfere with the precise measurement of RCSAs. Our experimental data are of a quality that is sufficient to permit fitting of the individual 1 H N CSA tensors in GB3 without the assumption of symmetry with respect to the peptide plane, i.e., using five adjustable parameters. Correlations between our experimentally determined 1 H N CSA values and the local structure in GB3, together with DFT calculations on N-methyl acetamide (NMA) H-bonded to acetamide, are then used to gain a more quantitative understanding of the relation between hydrogen-bond geometry and 1 H N CSA. 
Materials and Methods

NMR
). Experiments used to measure these rates are all based on the All spectra were processed and analyzed using the software package NMRPipe. 45 Peak positions and intensities were determined by parabolic interpolation. Apparent relaxation rates were determined from two-parameter exponential fits of peak intensities. The cross-correlated relaxation rates Γ CSA,HN (Γ CSA,HC′ ) were calculated from the apparent relaxation rate difference when the 15 N ( 13 C′), involved in the dipolar coupling term, is in the |R〉 or | 〉 spin state. The Γ CSA,HCRi and Γ CSA,HCRi-1 were calculated using the following equations where the first and the second superscript denotes the respective spin state of the preceding and intraresidue 13 C R nucleus, and R 2 is the relaxation rate determined from the exponential fit.
Quantum Chemical Calculations. Two alanine dipeptide fragments (HCO(NHCHCH 3 CO) 2 H) were built with backbone torsion angles corresponding to those of E24-T25 and L5-V6 in the NMRrefined X-ray structure (PDB entry 2OED), 46 where the first pair is taken from GB3′s R-helix, and the second pair has typical -sheet backbone torsion angles. Calculations on these fragments were used to evaluate the impact of backbone torsion angles on 
to 2.6 Å (1.8, 1.9, 2.0, 2.1, 2.2, 2.4 and 2.6), with the other 5 degrees of freedom constrained by (θ 1 , θ 2 ) at 180°and (R 1 , R 2 , R 3 ) at 0°. The 1 H CSA of 34 NMA-acetamide model systems was also calculated, with H-bond geometrical parameters corresponding to those of the 34 backbone-backbone H-bonds in the experimental GB3 structure. All models were geometry optimized at the B3LYP/ 6-311+G** level 47 while constraining (d OH , R 1 , R 2 , R 3 , θ 1 , θ 2 ) to the experimental values of the 2OED PDB entry 46 and the distance between the H-bond-donating N and H-bond-accepting O atom fixed. Chemical shielding tensors were calculated using the GIAO method 48,49 at the B3LYP/aug-cc-pvtz level. 50 The chemical shift tensor, which includes the isotropic contribution, δ isotropic , was computed as 53 of the RDCs showed the data to be highly self-consistent ( Figure S4 (SI) ). This result indicates that the backbone structure and dynamics of the six mutants, as reflected in their 1 D NH couplings, do not differ substantially between the different mutants. Singular value decomposition (SVD) was used to evaluate the degree of independence of the six sets of RDCs, excluding G41. Consistent with our earlier findings, 33,54 the six GB3 mutants aligned in Pf1 span the entire five-dimensional (5D) alignment space ( Figure 2A ) with a ratio between the fifth and sixth singular value of 7.4, where the last mode is primarily noise from measurement error. With molecular orientations covering the entire 5D alignment space, in principle the five components of each 1 H N CSA tensor can be derived directly from the RCSA values measured for the six mutants. However, the relative accuracy of 1 H N RCSA is considerably lower than for 1 D NH couplings, and a SVD analysis of the six sets of RCSAs ( Figure 2B ) shows a ratio between the fifth and sixth component of only 2.3, suggesting that for the fifth alignment (after decomposing alignments in the orthogonal 5D alignment space), RCSA values are not much above the measurement noise represented by the sixth SVD value. Addition of random, Gaussian distributed noise to GB3 amides RCSA values predicted for each of the six alignments, using 1 H N CSA tensor parameters taken from our earlier study, 41 yields a similar ratio between the fifth and sixth SVD value when the noise amplitude is adjusted to 1.0 ppb. This 1.0 ppb value therefore corresponds to the estimated error for our experimental 1 H N RCSA values. With typical experimental RCSA values falling in the (10 ppb range (Table S1 (SI)), the relative large RCSA measurement error propagates to substantial random error in the extracted 1 H N CSA tensors, which is indistinguishable from the intrinsic residue-by-residue variability we aim to study. To improve the 1 H N CSA accuracy, additional CSA-dependent parameters therefore need to be measured and included in the CSA fitting procedure. Figure  3B , Figure S2 (SI) ). However, the same type of experiment is Figure 3C ). Instead, we developed an interleaved in-phase and anti-phase (with respect to C ( Figure 3C ). By taking the sum or the difference of the in-phase and anti-phase spectra, clean separation into two separate doublets is obtained ( Figure 3C ), permitting measurement of the Γ CSA,HCRi and Γ CSA,HCRi-1 relaxation rates.
The cross-correlated relaxation rates are plotted in Figure 4 . After excluding the residues found to have the lowest-order parameters in the earlier relaxation study by Hall and Fushman, 57 including Q2, K10-E15, A20, D40-G41, and A48, and two residues (T25; E27) due to partial resonance overlap, the average ). In part, the differences in average magnitude are caused by the difference in dipolar coupling for the four types of cross-correlation effects, but even after taking this into account the averages of the four types of cross-correlation rates remain quite different in average magnitude (Figure 4 1 H N CSA tensors to the cross-correlated relaxation rates requires knowledge of the GB3 rotational diffusion tensor. In our previous 15 N CSA study, the diffusion tensor of the mutant K4A K19E V42E was determined from 15 N R 1 and R 2 rates. The sample used in the current study is the perdeuterated mutant T11K K19A V42E. To account for any potential diffusion tensor change caused by differences in charge distribution on the protein surface and protein concentration, we measured the 15 N CSA/N-H dipole cross-correlated transverse relaxation rates and compared these rates with those previously reported 29 for mutant K4A K19E V42E. With a Pearson's correlation coefficient R P ) 0.99 and a slope 1.04, a very close correlation was obtained ( Figure S5 (SI) ), indicating a 4% slower diffusion rate for the sample used in the present study, but indistinguishable anisotropy and orientation of the diffusion tensor. In subsequent fitting of , or an apparent rotational correlation time τ c ) 3.3 ns. Excluding the previously identified residues with elevated internal dynamics (Q2, K10-E15, A20, D40-G41, and A48) 57 and overlapping residues (T25 and E27), a uniform generalized order parameter, S 2 ) 0.903 (derived in our previous 15 N CSA study), 29 was used for the analysis of the cross-correlated relaxation rates. In principle, high-frequency spectral density terms resulting from internal backbone dynamics also contribute to the relaxation rates. However, as reported by Hall and Fushman, 57 the longest internal correlation time, τ e , in the well-structured region of the protein used for our analysis is 56 ps, corresponding to e1% contribution to the cross-correlation rates, which is smaller than the measurement error and therefore ignored in the fitting.
In Figure 6 (and also listed in Table S4 (SI)). Average values are:
Averaged over all fitted residues, the average tensor magnitude, ∆σ ) σ ZZ -(σ XX + σ YY )/2, equals -9.4 ( 1.6 ppm. For the -strand residues, the average CSA magnitude is given by 〈∆σ〉 ) -10.3 ( 1.3 ppm; for R-helix we find 〈∆σ〉 ) -8.2 ( 1.5 ppm. The smaller absolute ∆σ in R-helix contrasts with the 15 N CSA, which has a larger magnitude in R-helix than in -strand. 17, 29, 60 The CSA tensors all are quite asymmetric, with average η parameters (η ) (σ YY -σ XX )/σ ZZ ) of 0.90 ( 0.22 in -strand, and 0.76 ( 0.25 in R-helix. The chemical shielding anisotropy tensor is defined as the traceless part of the full shielding tensor. Evaluation of the impact of geometric and H-bonding parameters on the shielding in any given direction requires evaluation of the full shielding tensor, including its trace. To facilitate comparison with experimental chemical shifts, we utilize the oppositely signed chemical shift tensor, which is defined to include its isotropic component:
-sheet, and 13.6 ( 1.6, 7.5 ( 1.1, 3.3 ( 0.7 ppm for R-helix. Remarkably, these data indicate that, even while on average -sheet isotropic shifts are about 0.5 ppm downfield relative to the R-helical values, the δ XX component in -sheet, roughly parallel to the N-H vector (Figure 5 ), falls upfield from δ XX in R-helix. This effect is more than offset by deshielding in the Y (by 0.8 ppm) and Z (by 1.9 ppm) directions.
The Euler angles defining the orientation of each 1 H N CSA tensor are listed in Table S4 (SI). The average ω 2 angle is -3.8 ( 9.0°, indicating that the 1 H N CSA tensor is nearly symmetric with respect to the peptide plane. The relatively small value of ω 2 results in ω 1 and ω 3 rotations that are nearly about the same axis, such that the opposite signed values of ω 1 and ω 3 around the z axis largely cancel one another, making the spread in mostly oppositely signed ω 1 and ω 3 values not very meaningful. To overcome this problem in evaluating the variation in tensor orientation, three quantities 1 , 2 , 3 are defined as the angles ), where µ 0 is the magnetic permittivity of vacuum, h is Planck's constant, γ X is the magnetogyric ratio of spin X, and r HX the distance between nuclei H and X. These dipolar interaction constants are based on a librationally and vibrationally adjusted N-H bond length of r NH ) 1.04 Å, 58 and average bond lengths and angles taken from Engh and Huber. The average over all 42 1 values is 14 ( 8°. Because σ ZZ is nearly orthogonal to the peptide plane, 2 is strongly correlated with 1 ( Figure S6 (SI) ). The angle 3 is smaller than 10°for 32 residues, with an average value over all 42 residues of 〈 3 〉 ) 8 ( 6°. A limitation of the i parameters is that they do not distinguish the direction in which σ ii is rotated away from the i axis, which potentially is problematic for 1 . This issue can be resolved by introducing a parameter 1 ′, defined as the angle between the x axis and the projection of σ XX on the xy plane. If 1 ′ is defined as positive when the projection of σ XX on the y axis is negative, the average 1 ′ is 10 ( 10°, with 37 out of 42 residues having positive values (Table S4 (SI)) . Previously, a correlation between 1 H N CSA and isotropic chemical shifts was noted for backbone amides in ubiquitin. 16, 61 Somewhat stronger correlations are found in our present study of GB3 ( Figure 7A) where, for example, the correlation coefficient R P between δ ZZ and δ isotropic equals 0.89, versus 0.82 for ubiquitin (excluding the flexible residues L71-G76). In contrast to δ ZZ and δ YY , δ XX shows only a very weak correlation with δ isotropic . 42 which in turn related directly to hydrogen-bond strength. 43 The strong correlations we observe between δ isotropic and both δ ZZ and δ YY ( Figure 7A ) imply that hydrogen bonding also dominates the variations seen for the δ ZZ and δ YY components. To further evaluate this relation, we carried out DFT calculations for the model compound NMA, H-bonded to acetamide (Figure 1) . Values of δ ZZ , δ YY , δ XX were derived as a function of hydrogen-bond length, d OH , while restraining (θ 1 , θ 2 ) at 180°and (R 1 , R 2 , R 3 ) at 0° (Figure 8 ). These calculations show that δ ZZ and δ YY , but not δ XX , decrease with increasing d OH . By fitting δ ZZ , δ YY , and δ XX to equations of the form
Origin
, c values of 3.0, 2.8, and 1.1 Å -1 were obtained, respectively, confirming the stronger dependence of δ ZZ and δ YY on d OH . The effect of hydrogen bonding on CSA agrees with analyses by Sitkoff and Case, 65 who used DFT to study NMA H-bonded to water. They attributed the changes in the principal components of the CSA tensor to the d OHdependence of the polarization of the electron density in the N-H direction, which perturbs the induced magnetic field perpendicular to the N-H vector more than in the parallel direction. As a result δ ZZ and δ YY , the components approximately perpendicular to the N-H axis, are more influenced by the H-bond strength than δ XX . This reasoning assumes that the H N shielding is dominated by the diamagnetic component of the CSA, applicable to amide protons with electrons primarily in the 1s orbital, where the paramagnetic term is very small.
As expected, changing θ 2 away from 180°while keeping d OH fixed (at 1.8 Å), such as to improve the H-bond interaction to one of the two carbonyl lone pairs, has an effect similar to shortening d OH 8 This procedure utilizes the model compounds NMA and acetamide to mimic the H-bond donating amide group and H-bond accepting carbonyl in GB3, and places the donating and accepting amide moieties in the relative positions of the 34 pairs of backbone amide to carbonyl hydrogen bonds, found in GB3. Considerable spread in isotropic acetamide 1 H N chemical shifts is calculated for the different hydrogen-bonding geometries (〈δ iso 〉 ) 8.7 ( 0.9 ppm), comparable to what is seen experimentally for the same set of amides in GB3 (〈δ iso 〉 ) 8.4 ( 0.7 ppm) (Table S5 (SI)). The DFT calculations also find a much stronger correlation between δ ZZ , δ YY and δ isotropic , than between δ XX and δ isotropic ( Figure 7B ), consistent with experimental observations ( Figure  7A) . However, the slopes of the best fitted correlations differ somewhat between the fits of the experimental and calculated results. For example, the best fitted slope of 1.4 for the DFTderived correlation between δ ZZ and δ isotropic is smaller than the slope of 1.8 seen for the experimental data (Figure 7) , whereas the opposite is found for δ YY , where the DFT-derived slope (1.7) is larger than the coefficient of 1.2 seen for the experimental data. Nevertheless, the computational results correlate quite well with the experimentally observed relation between CSA and isotropic chemical shift, indicating that such calculations on the NMA-acetamide pair are adequate for mimicking the effect of hydrogen bonding in a protein. We therefore proceed to investigate the impact of hydrogen bonding on δ YY and δ ZZ .
Barfield carried out DFT calculations to study the effect of hydrogen bonding on H N δ isotropic , and proposed the following empirical relation: 8 where θ 1 , R 3 , and d OH are the structure variables (Figure 1 ) and c i (i ) 1, ..., 6) are the parameters determined from the fitting. Following the same procedure, we fitted the DFT-calculated δ isotropic values to eq 2, again yielding a good correlation (R P ) 0.99; Figure S7 [SI]). Small differences between c i values obtained for the fits of Figure S4 (SI) relative to Barfield's values are due to the larger basis set used in our DFT calculations.
Considering the strong correlations between δ isotropic and the principal components δ ZZ and δ YY , we use an empirical equation of the same type as eq 2 to fit δ ZZ and δ YY to H-bond geometry. The parameter a 5 is fixed at 2.9, which represents the average of the values 3.0 and 2.8 obtained above when fitting the exponential dependence of the computed δ ZZ and δ YY values on d OH (Figure 8 ). Best fits between computed CSA tensor components and H-bond geometry parameters are obtained for the following parametrizations: 
